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Keywords: PCDH19 Epilepsy Neurogenesis Induced pluripotent stem cells Polarity Neural stem and progenitor cells A B S T R A C T PCDH19-Girls Clustering Epilepsy (PCDH19-GCE) is a childhood epileptic encephalopathy characterised by a spectrum of neurodevelopmental problems. PCDH19-GCE is caused by heterozygous loss-of-function mutations in the X-chromosome gene, Protocadherin 19 (PCDH19) encoding a cell-cell adhesion molecule. Intriguingly, hemizygous males are generally unaffected. As PCDH19 is subjected to random X-inactivation, heterozygous females are comprised of a mosaic of cells expressing either the normal or mutant allele, which is thought to drive pathology. Despite being the second most prevalent monogeneic cause of epilepsy, little is known about the role of PCDH19 in brain development. In this study we show that PCDH19 is highly expressed in human neural stem and progenitor cells (NSPCs) and investigate its function in vitro in these cells of both mouse and human origin. Transcriptomic analysis of mouse NSPCs lacking Pcdh19 revealed changes to genes involved in regulation of neuronal differentiation, and we subsequently show that loss of Pcdh19 causes increased NSPC neurogenesis. We reprogramed human fibroblast cells harbouring a pathogenic PCDH19 mutation into human induced pluripotent stem cells (hiPSC) and employed neural differentiation of these to extend our studies into human NSPCs. As in mouse, loss of PCDH19 function caused increased neurogenesis, and furthermore, we show this is associated with a loss of human NSPC polarity. Overall our data suggests a conserved role for PCDH19 in regulating mammalian cortical neurogenesis and has implications for the pathogenesis of PCDH19-GCE. We propose that the difference in timing or "heterochrony" of neuronal cell production originating from PCDH19 wildtype and mutant NSPCs within the same individual may lead to downstream asynchronies and abnormalities in neuronal network formation, which in-part predispose the individual to network dysfunction and epileptic activity.
Introduction
PCDH19-Girls Clustering Epilepsy (PCDH19-GCE) is a predominately female-specific epileptic encephalopathy caused by heterozygous loss-of-function mutations in the X-chromosome gene Protocadherin 19 (PCDH19). The disorder is characterised clinically by the occurrence of seizures in girls at approximately 8-10 months of age followed by developmental regression with intellectual disability (ID) ranging from normal to profound (Specchio et al., 2011; Duszyc et al., 2015; Tan et al., 2015) . The disorder is also often associated with additional co-morbidities including Autism Spectrum Disorders (ASD), language delay and other behavioural deficits. PCDH19 encodes a δ2-protocadherin, cell adhesion molecule, with a large highly conserved extracellular domain (among other protocadherins) and small cytoplasmic domain which shows variability among the protocadherin family (Wolverton and Lalande, 2001; Dibbens et al., 2008) . Of > 145 different (of 271 cases), reported PCDH19 disease causing variants, approximately 55% are nonsense, frameshift and splicing mutations
